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ABSTRACT: In anisotropic materials, the electrical and atomic 
transport along the weak interaction direction is usually much 
slower than that along the chemical bond direction. However, Te, 
an important semiconductor comprised of helical atomic chains, 
exhibits nearly isotropic electrical transport between intra-chain 
and inter-chain directions. Using first-principles calculations to 
study the bulk and few-layer Te, we show that this isotropy is 
related with similar effective mass and potential for charge carri-
ers along different transport directions, benefiting from the delo-
calization of the lone-pair electrons. This delocalization also en-
hances the inter-chain binding, although it is still significantly 
weaker than the covalent intra-chain bonding. Moreover, we find 
a fast diffusion of vacancies and interstitial atoms along and 
across the chains, enabling rapid self-healing of these defects at 
room temperature. Interestingly, the interstitial atoms diffuse 
along the chain via a concerted-rotation mechanism. Our work 
reveals the unconventional properties underlying the superior 
performance of Te, while providing insight into the transport in 
anisotropic materials. 
Two-dimensional (2D) materials, such as graphene, MoS2, 
black phosphorus and hexagonal boron nitride, show great prom-
ise for many applications, including electronics, optoelectronics, 
energy conversion, and energy storage1. Recently, few-layer Te 
joins the family of 2D materials2-7. It exhibits air-stable transistor 
performance comparable or superior to other 2D materials7, mak-
ing Te attractive for nanoelectronics. Bulk Te exhibits interesting 
topological properties, such as transition from a trivial insulator to 
strong topological insulator (metal) under shear (hydrostatic or 
uniaxial) strain8, and presence of Weyl nodes9, 10. Te consists of 
helical -Te-Te-Te- chains arranged parallel in a trigonal lattice. 
The intra-chain distance between neighboring Te atoms is 2.9 Å, 
while the inter-chain distance is 3.5 Å. Therefore, it has been 
assumed that the interaction along the chain is strong and cova-
lent, while between the chains is weak. Some papers claim that 
the inter-chain interaction is van der Waals (vdW) type5, 8, 11-17. In 
anisotropic materials, the transport along weak interaction direc-
tion is usually much slower than that along chemical bond direc-
tions. For example, the electrical resistivity across the MoS2 (or 
graphite) layers is ~ 102 (or 103) higher than that along the layer18, 
19. Hence, one would expect a similarly slower charge transport 
across the Te chains than that along the chain. However, experi-
ments have shown that the electrical conductance along the chain 
is only ~ 1.13 (for few layer7) or 1.41 ± 0.11 (for bulk20) times 
higher than that across the chains. This surprising behavior calls 
for a deeper understanding on the nature of the inter-chain interac-
tion and the transport properties. 
Here we perform first-principles calculations using the Vienna 
Ab-initio Simulation Package (VASP)21, 22 with projector aug-
mented wave (PAW) pseudopotentials23, 24. The Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional25 is used to 
relax the systems, and obtain the positions of band edges and the 
effective masses. The HSE functional26 is used to extract more 
accurate values of band gaps and band edge energies. When cal-
culating the binding/exfoliation energy, we also include the em-
pirical D3 correction27 to account for London Dispersion  interac-
tions that are not included in PBE. More details can be found in 
the Supporting Information (SI).  
We first study few-layer Te, which is more technologically im-
portant for nanoelectronics than the bulk material. Few-layer Te is 
terminated by the lowest energy surfaces 10-10,7 which has a 
rectangular primitive cell. Fig. 1a shows the atomic structure of a 
4-layer Te as an example, where the y direction is along the chain 
(helical axis), and the x is normal to chain and parallel to the sur-
face. The distances between Te atoms decrease as the material 
becomes thinner (see Table S1 for lattice parameters of few-layer 
Te with different thickness). Specifically, the intra-chain and 
inter-chain distances are 2.9 Å and 3.51 Å (anisotropy ratio: 1.21) 
in the bulk, and shrink to 2.87 and 3.37 (1.17) in the bilayer, then 
to 2.78 and 3.04 (1.09) in monolayer. This abrupt reduction of the 
distances in monolayer Te indicates a significant structural recon-
struction, and the small anisotropy ratio suggests the formation of 
strong covalency in the inter-chain interactions (see Fig. S1; the 
same structure has been reported in other papers2-4). The origin of 
this reconstruction and its impact on the electronic properties will 
be discussed below. 
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Fig. 1. (a) Atomic structure of 4 layer Te. Top: side view; Bot-
tom: top view. Only the surface and sub-surface layers are visible 
in the top view. The pink lines highlight the sub-surface layer. 
The x direction is across the chains and parallel to the surfaces, 
while y is along the chain.  The blue arrows highlight the intra-
chain and inter-chain distances. (b) Electronic band structure of 4 
layer Te, calculated by using PBE functional. Left: without spin-
orbit coupling (SOC); Right, with SOC. The valence bands are 
shown in cyan and the conductions bands are in pink. The ener-
gies are referred to the vacuum level. The first Brillouin zone is 
shown in the inset with high symmetry points marked. If the 
chains are non-interacting, then flat bands would appear in Γ–X 
and Y-M regions as the electrons/holes can only transport along 
the chain. (c) Contour plots of the bottom conduction band (top) 
and the top valance band (bottom). The axes are in the units of the 
reciprocal lattice vectors. 
Fig. 1b shows the band structure of a 4-layer Te, calculated us-
ing PBE functional. The effect of the spin-orbit coupling is nota-
ble, resulting in a splitting of the doubly-degenerate band edge 
states (i.e. valence band maximum (VBM) and conduction band 
minimum (CBM)), and a smaller band gap. Fig. 1c shows that the 
band gap is indirect, with VBM and CBM located off the high-
symmetry points. The constant-energy contours near the band 
edges show a ellipse shape with principle axes tilted from x and y. 
The indirect nature of the band gap is also observed in other 
multi-layers. As shown in Fig. 2a, the positions of VBM and 
CBM change linearly as a function of 1/n or 1/d, where n is the 
number of layers, and d is the thickness which can be related by 
using the “thickness” of Te layer in the bulk: d = n*3.91 Å. The 
slope and intercept are listed in Fig. 2. The slope is a measure of 
the change of the properties with thickness, and the intercept is 
relevant for the bulk material. The band gap (calculated using the 
HSE functional) decreases as thickness increases, also following a 
linear relation with 1/n or 1/d, and becomes 0.4 eV for infinitely-
thick (bulk) Te, close to the experimental value 0.35 eV28. The 
VBM/CBM energy (calculated using the HSE functional) also 
decreases/increases linearly with 1/n or 1/d, as shown in Fig. 2c. 
Note that the VBM energies are relatively high (-5 – -4.67 eV) 
compared with some of the commonly used electrode metals (Pt: -
5.12 – -5.93, Pd: -5.22 – -5.60, Au: -5.10 – -5.47, Ni: -5.04 – -
5.35, Co: -5)19, which suggests a lower Schottky barrier for hole 
injection than for electron29-31. This could be one reason why Te 
is p-type7. The effective masses of electrons and holes transport-
ing across the chains (me-x and mh-x) increases linearly with 1/n or 
1/d. The extrapolated value of mh-x for bulk Te is 0.07 m0, close to 
the experimental value 0.108 m0.
28 It is interesting that the elec-
trons transporting along the chain are heavier than those across 
the chains (i.e. me-y > me-x). Although mh-y < mh-x for n < 6, they 
quickly approach each other, and reverse the order for thick sam-
ples and bulk Te28. Overall, the mh and mh of few-layer Te are 
comparable or even smaller than common 2D semiconductors 
(MoS2: ~ 0.5 m0,
32 black phosphorus: ~0.1 m0
33), which is one 
reason for its high performance observed experimentally. 
 
Fig. 2. Electronic properties of Te as a function of the thickness. 
The lines are linear fits, with slopes and interceptions shown in 
the corresponding brackets. (a) Positions of the Valence Band 
Maximum and the Conduction Band Minimum (CBM), in the 
units of the reciprocal lattice vectors. (b) Band gaps. (c) Band 
edge energies, with respect to vacuum level. (d) Effective masses 
of electrons and holes. (b)-(c) are calculated by using HSE func-
tional, while (a) and (d) are by PBE functional. The electronic 
properties of monolayer Te differ significantly from few layer, 
and the corresponding values are shown in the text. 
These linear trends can be used to estimate the electronic prop-
erties of Te at given thickness. However, the monolayer Te does 
not fall into these trends. It has a direct band gap of 1.34 eV lo-
cated at Γ point, significantly different from the extrapolated val-
ue 2 eV. Similarly, the VBM and CBM energies (-5 and -3.66 
eV), and effective masses (me-y: 0.76 m0; me-x: 0.15; mh-y: 0.3; mh-
x: 0.11), also differ substantially from the linear extrapolations. 
These deviations can be attributed to the significant structural 
reconstruction mentioned above. We point out that the monolayer 
Te has several polymorphs, which have been studied in other 
work2, 4. 
In addition to the similarity of effective masses along different 
directions in few-layer and bulk Te, we find that the potential 
distribution is also nearly-isotropic, which is in sharp contrast 
with common vdW materials. Fig. 3a plots the exchange-
correlation potential in bulk Te, plotted along or normal to the 
chain/layer. The oscillations along different directions have simi-
lar amplitude. In contrast, common vdW materials, such as MoS2, 
have much stronger oscillation along the vdW direction (perpen-
dicular to the layer) than along the chemical bonds (Fig. 3b). This 
indicates that the charge carriers in Te experience a more isotropic 
potential during transport than those in common vdW materials. 
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Fig. 3. (a) Exchange-correlation potential of bulk Te, plotted 
along the chain (y), and perpendicular to the layer (z). The poten-
tial is averaged over the planes normal to the plotting direction. 
The zero of distance is set to an arbitrary point in the primitive 
cell. (b) Potential of MoS2, plotted along the zigzag (zz) direction, 
armchair (ac) direction, and perpendicular to the layer (z). (c) 
Binding energies of Te chain (1D), Te layer (2D), and component 
units of other vdW materials (P: black phosphorus; C: graphene; 
BN: hexagonal boron nitride) in their bulk. The inset shows the 
charge density redistribution when Te chains are bound together. 
Blue iso-surface: electron depletion; Red: electron accumulation. 
(d) Exfoliation energies (binding energies normalized by the sur-
face area). “PBE” means the values are calculated by using PBE 
functional only, while the others include D3 correction. “Fix” 
means the atomic coordinates of layers/chains are fixed to those 
in the bulk, and “relax” means they are fully relaxed in vacuum.  
This sharp difference motivates us to investigate the nature of 
the inter-chain interaction. Fig. 3c inset shows the charge density 
redistribution when Te chains are bound together. The lone-pair 
electrons are delocalized by depleting the density in their original 
positions and enhancing the density in the inter-chain region, 
which adds “metallic” bonding character into the inter-chain in-
teraction. The delocalization of Te lone-pair electrons lowers the 
effective mass and changes the potential in the inter-chain region, 
and hence enhances the transport across the chains. This delocali-
zation can be explained by the relatively weak nucleus attraction 
compared with other elements in the same group before Te (i.e., 
O, S, and Se). The nucleus attraction becomes weaker when mov-
ing down the periodic table, which makes the element after Te, 
i.e. Po, a metal with completely delocalized electrons. 
The delocalization of Te lone-pair electrons also enhances the 
inter-chain interaction. We calculate the inter-chain/layer binding 
energy (Fig. 3c) as: 
Ebind = (Echain/layer – Ebulk) / natom.  
where Ebulk is the energy of the bulk material, Echain/layer is the 
energy of isolated chain/layer (which can be fixed to the same 
atomic coordinates as in the bulk, or fully relaxed), and natom is 
the number of atoms. It is well known that the PBE functional 
does not describe well the vdW interaction, and gives an underes-
timated value ~< 0.01 eV/atom for common vdW materials 
(MoS2, black phosphorus, graphene, and hexagonal boron ni-
tride). However, PBE predicts a large Ebind, 0.07 (relaxed) − 0.11 
(fixed) eV/atom for Te layer, and 0.16 − 0.24 eV/atom for Te 
chain. The underestimated vdW interaction in PBE calculation 
can be corrected by using D3 approach, which gives an Ebind for 
Te chain/layer several times stronger than that in common vdW 
materials. Given that the Ebind for chains and layers are compara-
ble, the Te is best viewed as consisting of strongly coupled 
chains. Note that in bulk Te, each chain is bound with six other 
chains; however, for monolayer Te, it is bound with only two 
chains. The reduction of coordination enhances the inter-chain 
binding in monolayer Te, resulting in a significant shortening of 
the inter-chain distance. Although the inter-chain interaction in 
bulk and multilayer Te is stronger than common vdW, it is still 
significantly weaker than the intra-chain bonding (2.34 eV/atom, 
calculated using PBE; see the SI for the Young’s modulus).  
Interestingly, although the Ebind of Te is several times larger 
than that of common vdW materials, the exfoliation energy, 
which is the interlayer binding energy normalized by the surface 
area, is comparable (Fig. 3d): 1.1-1.2 than MoS2, 0.99 of black 
phosphorus, 1.7-1.9 than graphene, and 1.9-2.1 than hexagonal 
boron nitride. This is because of the low density of atoms per 
surface area in Te, being 0.31-0.45 of the others. The comparable 
exfoliation energy suggests that the Te can be exfoliated into thin 
layers like common vdW materials, despite its different binding 
nature. 
We also find a fast atomic transport across the chains, such as 
diffusion of vacancies and interstitial atoms. As shown in Fig. 4, 
when the vacancy (or a counter-atom) hops from one chain to 
another, the counter-atom in the inter-chain region forms a bond 
with one chain (bond length 2.88 Å, similar to that in the perfect 
material 2.9 Å), and is further coupled with the atom from other 
layer with a distance of only 3.15 Å. These effects help stabilize 
the transition state, leading to a low barrier Eb ~ 0.7 eV. In con-
trast, the vacancy diffusion across the layers in common vdW 
materials encounters a large Eb (e.g., Eb > 7 eV for graphite). This 
is because of the relatively strong inter-chain interaction in Te, 
which results in an inter-chain distance not far from the bonding 
length (3.51 vs 2.9, ratio: 1.21). Therefore, the counter-atom can 
still form the bond or effectively couple with the chain even in the 
inter-chain region. However, in graphene, the interlayer distance 
is too large compared with the bond length of C (3.47 vs 1.43, 
ratio: 2.43), hence the diffusing atom in the interlayer region can-
not form bonds or effectively couple with the layers, leading to a 
large Eb. Similarly, when an interstitial atom hops from one chain 
to another, it also forms bonds/couples with the chains, thus the 
Eb is low 0.77 eV.   
 
Fig. 4. Atomic structures of mono-vacancy (top) and interstitial 
atom (bottom), diffusing along the chain (y) and across the chains 
(x) of bulk Te. Ef stands for the formation energy of the defect, 
and Eb is the diffusion barrier. The transition states are shown in 
the middle panel of each diffusion path. For clarity, we show only 
one layer, except for the transition state of vacancy diffusing 
across the chains, in which case the atom marked in gray is from 
other layer. For the interstitial diffusing along the chain, we also 
show the side views to highlight the concerted-rotation mecha-
nism. 
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Moreover, we find that atomic transport along the chain has an 
even lower barrier. As shown in Fig. 4, for vacancy diffusion, the 
counter-atom stretches its original bond and forms a new bond 
with other atom at the transition state, giving an Eb of 0.16 eV, 
lower than that of common vdW materials34. Interestingly, diffu-
sion of the interstitial atom along the chain involves the concerted 
motion of three atoms, as labeled in Fig. 4. At the initial state, the 
atom “2” can be viewed as the interstitial, which pushes the 
neighboring atom “1” away from its original position. At the tran-
sition state, the “1” restores its position, and pushes “2” and fur-
ther “3” forward along the helix. At the final state, “3” is off its 
original position with “2” being the interstitial. When viewed 
along the chain, the diffusion looks like the collective rotation of 
the three atoms. The next periodic step would be “2” takes the 
original position of “3” and “3” becomes the new interstitial. Dur-
ing these processes, the coordination of atoms does not change 
(unlike diffusion in many other materials), hence the Eb is rather 
low 0.04 eV. 
The hopping rate w can be estimated by using ν*exp(-Eb/kBT), 
where kB is the Boltzmann constant, T is the temperature, and ν is 
the vibration frequency typically ~ 1013 per second. At room tem-
perature, w = 1.7*1010 and 2*1012 s-1 for the vacancy and intersti-
tial diffusion along the chain respectively. Thus these defects 
would quickly transport to the edges to reduce the energy by Ef, 
which is the formation energy of the defect with respect to the 
bulk Te (0.73 eV for vacancy and 1.86 for interstitial). The diffu-
sion across the chains is slower, w ~ 6.9 and 0.4 s-1 for the vacan-
cy and interstitial respectively. These modes can be expedited by 
increasing the T. For example, at 400 K (note that the melting 
point is 723 K), w = 7.6*103 (vacancy) and 9.3*102 (interstitial). 
These modes are not available in common vdW materials due to 
the large Eb as discussed early. 
In summary, we show that the nearly isotropic electrical 
transport in chemically anisotropic Te is related with the similar 
effective mass and potential of charge carriers along different 
transport directions, benefiting from the delocalization of lone-
pair electrons. This delocalization also enhances the inter-chain 
interaction, although it is still significantly weaker than the intra-
chain bonding. We also find a fast transport of vacancies and 
interstitial atoms across the Te chains, which together with the 
fast intra-chain transport, enable a rapid healing of these defects at 
room temperature. Moreover, a novel concerted-rotation mecha-
nism is revealed for interstitial atoms diffusing along the chain. 
Our work reveals the unconventional properties underlying the 
superior performance of Te, and provides insight into the 
transport in anisotropic materials. 
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